INTRODUCTION
Multiferroics are an interesting group of materials that simultaneously exhibit ferroelectricity and magnetic ordering with coupled electric, magnetic, and structural orders. Multiferroic materials with a pronounced degree of magnetoelectric (ME) coupling at room temperature are of great scientific and technological importance for their use in various types of electronic devices that include sensors, actuators, and electric-field controllable magnetic memories. [1] [2] [3] Among all the known multiferroics, BiFeO 3 is most extensively studied owing to its large room-temperature spontaneous polarization with improved magnetic properties in epitaxially strained thin-film forms. [4] [5] [6] [7] Polar orthorhombic GaFeO 3 (o-GFO) is another prominent multiferroic oxide by virtue of its room-temperature piezoelectricity (possibly ferroelectricity as well), near roomtemperature ferrimagnetism, and pronounced low-temperature ME effects. Since a linear ME effect was first reported in 1960s by Rado, 8 magnetization-induced second harmonic generation, 9 optical ME effect, 10 and other interesting studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] keep renewing our research attention to this system. GFO crystallizes into the polar orthorhombic Pna2 1 (equivalently, Pc2 1 n) space group with a ferrimagnetically ordered spin structure. The four Fe 3+ ions in a unit cell are antiferromagnetically coupled along a-axis in the Pna2 1 setting. However, the intermixed Fe 3+ ions occupying at the Ga sites (in other words, different Fe occupations at the Fe1 and Fe2 sites) can lead to a ferromagnetic order with Fe 3+ ions at the Fe sites, which gives rise to ferrimagnetic ordering at a temperature around 230 K. 11, 12 Contrary to ferrimagnetic ordering and low-temperature ME effects, 11 much less is known on the ferroelectricity of o-GFO. In principle, o-GFO should exhibit ferroelectricity up to high temperatures as the polar Pna2 1 phase (with the corresponding point group of Stoeffler, 20, 23 the computed ab initio polarization value of the undoped o-GFO is as high as 25 μC/cm 2 . In spite of these predictions, however, there has been no experimental demonstration of the room-temperature ferroelectric polarization switching with its polarization value compatible with the ab initio predictions. Several groups have studied the P-E (polarizationelectric-field) response of GFO ferroelectrics, mostly using thin-film forms. [13] [14] [15] [16] However, all these studied revealed that the remanent polarization (P r ) of GFO is less than 0.5 μC/cm 2 with an unrealistically small value of the coercive field (E c ≤ 5 kV/cm) as well. Up to now, the only unequivocal experimental demonstration of a reversible polarization switching in o-GFO thin films is made by Thomasson et al. 19 According to their study, the 2 % Mg-doped GFO film exhibits a well saturated P-E switching curve with a negligible tendency of the non-switching polarization. 19 However, the measured P r value is as small as 0. KrF excimer laser (λ = 248nm) operated at 3 Hz and 10 Hz, respectively. GFO films were deposited at 800 ºC in an oxygen ambient atmosphere (200 mTorr) with a fluence of 1 J/cm 2 focusing on a stoichiometrically sintered o-GFO target while 30-nm-thin SRO bottomelectrode layers were grown at 680 ºC in a 100 mTorr oxygen atmosphere with a fluence of 2 J/cm 2 . After the deposition, the SRO layer was cooled down to room temperature under the same oxygen pressure used in the o-GFO film deposition. We observed the thickness fringes of SRO(222) around the two-theta (2 ) value of STO (222), which strongly indicates an epitaxial growth of the SRO bottom electrode layer. The thickness of this SRO layer (30 nm) was also determined from the positions of the interference fringes (See Supplementary Information for details). Computational methods. We have performed DFT calculations of o-GFO on the basis of the generalized gradient approximation (GGA) 24 and GGA+U method 25 implemented with projector augmented-wave (PAW) pseudopotential 26 using the Vienna ab initio Simulation Package (VASP). 27 All the DFT calculations were performed by adopting (i) a 11×6×6 6 Monkhorst-Pack k-point mesh 28 centered at the Γ-point, (ii) a 650-eV plane-wave cutoff energy, and (iii) the tetrahedron method with Blöchl corrections for the Brillouin-zone integrations. 29 The structural optimizations were performed for the 40-atom-cell which corresponds to an orthorhombic unit cell consisting of 8 formula units. The ions were relaxed until the Hellmann-Feynmann forces on them were less than 0.01 eV/Å. The Hubbard U eff of 4 eV and intra-atomic exchange parameter (J) of 0.89 eV for the Fe 3d-orbital were chosen on the basis of the previous work. ] to six in-plane orientations. , the lattice mismatch between the GFO layer and the substrate surface can be effectively removed (with ∆ = 0.01%, ∆ = 0.08%).
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RESULTS
In-plane Domain Orientation of the Polar c-axis-grown Film
We will examine this proposition by looking into scanning transmission electron microscopy (STEM) images.
A bright-field STEM image is shown in Figure 2a . Thus, the central domain in Figure 2c represents the 1 domain configuration, as depicted in Figure 1 .
PFM Images of the Polar c-axis-grown Film
Vertical-mode piezoresponse force microscopy (vPFM) is a suitable method of measuring ferroelectricity or piezoelectricity for a small local region. In Figure 3a and b, we respectively present vPFM amplitude and phase images acquired over the area of 1μm×1μm. The phase contrast image shown in Figure 3b can be interpreted as the existence of ferroelectric domains with two antiparallel polarizations. However, this interpretation would be false if these domains were not remained at a particular polarization state (i.e., remain either up or down state) after turning off the bias E-field which had been used for the polarization switching. To clearly resolve this critical issue, we have chosen a particular region of the o-GFO film and applied an alternative dc voltage from +10 V to -10 V. Thus, the corresponding E-field is ±500 kV/cm. The two applied voltages and the corresponding regions are marked in Figure 3c and d for the amplitude and phase contrast images, respectively. The two lower resolution vPFM images (10μm×10μm) shown in Figure 3c and d were taken immediately after turning off these dc voltages. Figure 3d clearly indicates that the 180 o phase-shifted domains by the bias E-field return to the initial unshifted state as soon as the bias E-field is turned off. Thus, the present vPFM results do not show any evidence of ferroelectricity with a non-zero remanent polarization up to a bias E-field of ±500 kV/cm.
Ferroelectric Polarization Switching of the Polar c-axis-grown Films
Having failed in obtaining a clear evidence of the ferroelectricity up to ±500 kV/cm, we have then carried out P-E hysteresis measurement by applying much stronger E-fields, E max between 2500 and 4500 kV/cm. This has been done as our optimally processed kV/cm). 33 Again, our film capacitor shows a remarkable ~10 4 -times improvement in the leakage-current density.
The Pt/o-GFO(001)/SRO(111) film capacitor grown on a STO(111) shows ferroelectric switching behavior with a remarkably high coercive field (E c ) of ±1400 kV/cm at room temperature [ Figure 4a ]. Thus, E max value used in the PFM measurements is only 1/3 of the minimum electric-field needed for the polarization switching (E c ). Thus, the ferroelectric polarization switching cannot be attained by PFM techniques (with E max of ±10 V) though a 180 o phase-shift of the piezoresponse is readily observed. As shown in the inset of Figure 4a , the P r tends to reach its saturated value with increasing value of E max . Thus, the net switching This suggests that the ac frequency of 1 kHz used in the P-E measurement is not high enough to completely eliminate the responses of mobile space charges which tend to be significant at lower ac frequencies.
To examine universality of the present finding of a large 2P r , we have also examined the polarization switching characteristics of the polar c-axis-oriented GFO film grown on a conducting ITO buffered cubic YSZ(001) substrate. As shown in Figure 5a , the GFO film 
DISCUSSION
For in-depth understanding of the atomic-scale origin of the observed polarization switching, we have calculated the DFT polarization of the polar Pna2 1 phase of o-GFO using the Berryphase method. 34, 35 In order to obtain a correct evaluation of the ferroelectric polarization, a centrosymmetric prototypic phase of GFO should be first identified. For doing this, we have utilized the PSEUDO code of the Bilbao crystallographic server, 36 which lattice dynamically allows one to determine the nearest supergroup structure for an input arbitrary structure. In the present case, four centrosymmetric supergroup structures are examined. They are Pnna, Pccn, Pbcn, and Pnma. Among these four, the nearest reference structure, in terms of the total displacement of all atoms, is the Pnna phase, which is consistent with the previously reported result. 20 The optimized lattice parameters of the ferroelectric Pna2 1 and prototypic Pnna 
where is the barrier height of the polarization switching which can be treated as the difference in the Kohn-Sham energy between Pnna and Pna2 1 phases (1.05 eV per f.u.).
Strictly speaking, Equation (1) is valid for describing the dipole-switching rate of orderdisorder ferroelectrics. For sufficiently high temperatures near the phase-transition point ( ), however, Equation (1) is also applicable to the dipole-switching rate of displacive ferroelectrics 41 that include the present Pna2 1 -to-Pnna transition. As temperature increases and approaches , the dipole-switching rate becomes so rapid that the mean residence time ( ) of the bound polarization in one of the two ferroelectric double wells becomes shorter than a certain critical time for the experimental observation. Under this condition, the net ferroelectric polarization effectively disappears because of the switching average of two 15 opposite polarizations across the centrosymmetric barrier [Pnna state in the present case; Figure 6b ]. Let be the frequency at which the net bound polarization just begins to disappear. In the vicinity of , < for a fixed value of . Under this condition, can be approximated by the following expression:
where denotes the temperature that corresponds to the critical switching frequency .
Since is expressed by = + , where ϵ is a small positive number (including zero), can be correlated with Φ by the following relation for a fixed value of Φ :
Equation ( (110) and ( 
In-plane domain orientation of GFO film grown on ITO/YSZ (001)
As presented in Figure S2(a) , the x-ray -scan spectra of both GFO {122} and {013}
planes are characterized by 12 distinct peaks, and each peak is separated from the two neighboring peaks by 30 o . Here, we have elucidated the detailed in-plane orientations of the GFO domains by performing x-ray -scan experiments for both GFO {013} and {122}
planes. From the three -scan spectra shown in Figure S2 
7.
Computational procedures for lattice dynamics study of the Pnna-toPna2 1 structural phase transition Figure S7 . (a) Looking for a pseudo-symmetry among the supergroup structures for the input polar Pna2 1 structure using the PSEUDO code of the Bilbao crystallographic server. Amomg these supergroup structures, Pnna is the most relevant paraelectric centrosymmetric structure that has the least atomic-displacement for each constituting atom. (b) AMPLIMODES calculations were carried out for a symmetry-adapted mode analysis of a displacive phase transition. Starting from the experimental structures of the high-and low-symmetry phases, the program determines the global structural distortion that relates to the two phases. The symmetry modes compatible with the symmetry break are then calculated. Their orthogonality permits the decomposition of the global distortion, obtaining the amplitudes of the different symmetry-adapted distortions present in the structure, as well as their corresponding polarization vectors. As indicated, the Pnna-to-Pna2 1 structural phase transition in o-GFO is mediated solely by the freezing-in of the zone-center 4 − polar phonon.
